This chapter provides a brief overview of the targets of algal genetic modification followed by a short description of the Netherlands legislation concerning genetically modified organisms, an overview of what is already known about the risks related to production systems of (GM-) algae, and the potential risks of GM-algae for human health and the environment.
Microalgae may be used for the sustainable production of various commodities and products, such as feedstock and biofuels. Microalgae can be cultivated on seawater, using residual nutrients (carbon dioxide [CO 2 ], nitrogen [N] , phosphorus [P] ), and produce valuable co-products, e.g. lipids and proteins. Microalgae can be grown very efficiently. As an example, the total need for all transport fuels in Europe can be covered by microalgae cultivated on the surface area of Portugal. Four hundred million tons of protein would be produced as by-product, which is about 40 times the amount of soy protein imported into Europe. The EU FP7 programme 1 has funded a large number of research programmes aimed at further development of the use of (micro-) algae for various sustainable purposes.
There is a clear need for genetic improvement of the strains of microalgae that are currently being used, to create the "ideal micro-alga" (Figure 4 .1). Features that could be improved include high biomass productivity, in particular of required molecules, such as proteins, saturated neutral lipids and unsaturated fatty acids, possibilities to grow under selective conditions, ease of harvesting and possibilities to use mild extraction conditions. 
Genetic modification of algae
This section provides a short overview of the state of the art on transgenic research on algae, the algal strains that have been used as hosts for genetic modification and the DNA delivery methods. It then presents the targets of genetic modification of algae.
Genetically modified algal strains and their stability: DNA delivery methods
A first prerequisite transformation of the cyanobacterium Synechocystis was already reported in 1970 (Shestakov and Khyen, 1970) . Successful transformation of the green alga Chlamydomonas reinhardtii was reported in 1989 (Harris, 2009) . C. reinhardtii has II.4 
. THE NEED AND RISKS OF USING TRANSGENIC MICROALGAE FOR THE PRODUCTION OF FOOD, FEED, CHEMICALS AND FUELS -61
BIOSAFETY AND THE ENVIRONMENTAL USES OF MICRO-ORGANISMS: CONFERENCE PROCEEDINGS © OECD 2015 become the model species in molecular biology of (eukaryotic) algae and is therefore the best described one (Harris, 2009) . Since then, successful genetic transformation of approximately 30 algal species has been demonstrated (Hallmann, 2007; Radakovits et al., 2010) . Table 4 .1 provides an overview of genetically transformed algal species. Note: 1. Nuclear transformation unless indicated otherwise.
Methods used for DNA delivery into eukaryotic algae are micro-particle bombardment (or biolistic), cell agitation with micro-or macroparticles (e.g. glass beads), protoplast transformation with polyethylene glycol or protoplast or whole cell transformation by means of electroporation, and finally Agrobacterium mediated transformation (Coll, 2006) , i.e. methods that are also used for DNA delivery into plants.
Selectable traits used include resistance against antibiotics, chemical agents such as herbicides and genes that rescue mutations such as auxotrophies; marker genes allowing election of transformants include Gus and GFP genes (León-Bañares, 2004; Technopolis, 2012) .
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The promoters used to drive gene expression in transgenic algae are either homologous promoters, e.g. the Rubisco small subunit (RbcS2) or the ubiquitin (Ubi1) promoter or the heterologous promoters CaMV35S and SV40. CaMV35S, the cauliflower mosaic virus promoter, a typical promoter for strong expression in higher plants, works well in several algal strains while the SV40, the simian virus 40 promoter a polyomavirus promoter, has been shown to work in H. pluvialis and in C. reinhardtii (Coll, 2006) . Nuclear transformation of algae generally results in random integration of transgenes. In C. reinhardtii and C. merolae and Ostreococcus homologous recombination has been achieved but the frequency is low (Radakovits et al., 2010) . Recently one alga, the oil-producing algae Nannochloropsis sp., was shown to have a high frequency of homologous recombination after transformation and selection (Kilian et al., 2011) . In contrast, chloroplast transformation often results in homologous recombination (Lapidot, 2002; Purton, 2007) .
Targets of algal genetic modification
Genetic modification as a tool to improve algal performance is more and more considered a necessity to achieve new and economical viable productions systems (Wijffels and Barbosa, 2010; Greenwell et al., 2010; Hannon et al., 2010; Scott et al., 2010; Schuhmann et al., 2012) .
Three types of targets can be distinguished for genetic modification of algae: improvement of photosynthetic efficiency, improvement of productivity of selected products and new products.
Improvement of photosynthetic efficiency
Biofuel production efficiency with algae is directly dependent on the solar photon capture and conversion efficiency of the system. However, daylight intensity is most of the time above the maximum photosynthetic efficiency of algae and therefore growth is reduced, a phenomenon known as photo inhibition. Research in this area focuses on the light harvesting antenna complex (LHC) (Mussgnug et al., 2007; Anastasios, 2009 ).
Improvement of productivity of selected products
The rising market demand for pigments from natural sources has promoted large-scale cultivation of microalgae for synthesis of such compounds. Genes encoding enzymes that are directly involved in specific carotenoid syntheses have been investigated and further development of transformation techniques will permit considerable increase of carotenoid cellular contents, and accordingly, contribute to increase the volumetric productivities of the associated processes (Guedes et al., 2011) . One example of such a gene (a phytoene desaturase) has already been published (Steinbrenner and Sandmann, 2006) . Table 4 .2 gives an overview of carotenoids produced by selected microalgae. Research on lipid production has increased in the past decades due to interest in developing algal biofuels. Genetic modification is part of the strategy to increase lipid production with algae. Target genes are lipid biosynthetic genes, lipid storage genes and lipid degradation genes. Obviously, the first two categories have to be enhanced while the third category of genes should be reduced (Radakovits et al., 2010; Scott et al., 2010) .
Another interesting aspect is the modification of the lipid characteristics. This could increase the quality of the lipids with regards to suitability as diesel fuel feedstock but could also make the lipids suitable for other applications, like industrial applications, food or feed (Radakovits et al., 2010) . Genes for this purpose will originate from the group of fatty acid modifying enzymes, such as desaturases and thioesterases, which have been studied in genetically modified plants in detail for a long time (Napier, 2007) .
New products
An emerging field in the biotechnology of algae is the introduction of genes or metabolic pathways in order to produce components of economic interest and which are not yet present in the wild type. Table 4 .3 gives an overview of new products that have been made by algae through genetic modification. Two major groups of new products can be distinguished: energy products (like ethanol, hydrogen and fatty acids) and recombinant proteins. Phaeodactylum tricornutum Hempel et al. (2011) None of the products from Table 4 .3 are commercially available at the time. However, research on the application of algal systems for the production of these products is increasing (Angermayr et al., 2009; Beer et al., 2009; Specht et al., 2010; Griesbeck and Kirchmayr, 2012) .
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Examples of other research are the use of algae for CO 2 capture and wastewater treatment.
A review on recent research involving engineering cyanobacteria for the production of valuable compounds has been published by Ducat et al. (2011) . The EC directives on GMOs make a clear distinction between contained use and deliberate release into the environment:
European regulations for working with genetically modified organisms
• Contained use is defined as "any activity in which organisms are genetically modified or in which such organisms are cultured, stored, transported, destroyed, disposed of or used in any other way and for which specific containment and other protective measures are used to limit their contact with the general public and the environment".
• Deliberate release is defined as "any intentional introduction into the environment of a GMO or a combination of GMOs for which no specific containment measures are used to limit their contact with, and to provide a high level of safety for, the general population and the environment".
This chapter considers the environmental risks and the risk assessment of engineered algae in the context of these regulations.
Risks related to production systems of (GM-)algae
Three different production systems for large-scale production of algae can be distinguished: natural locations, open ponds (raceway ponds) and closed systems (photo bioreactors [PBRs] ).
Releases in natural locations clearly are deliberate release into the environment since there are no effective protective measurements to prevent the algae from entering the surrounding environment.
Releases in open ponds can be regarded as deliberate release. Since ponds are not covered, there is contact with the environment through open air which could be considered intentional introduction into the environment. Contact with the environment II.4 
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Closed systems could be considered contained when placed inside a building. Cultivation of a GMO in a closed system which is placed in open air may be considered under the regulation of contained use when it meets the following criteria: "'contained use' means any activity in which micro-organisms are genetically modified (…) and for which specific containment measures are used to limit their contact with the general population and the environment" (European Union, 2009: Article 2c).
In the Netherlands, a safety level of Good Industrial Large Scale Practice may be applied to the use of micro-organisms in industrial settings. This safety level is based on the concept of Good Industrial Large Scale Practice (GILSP) that was originally developed in the OECD "Blue Book" (OECD, 1986) . It implies that if a host organism has a long history of safe use in an industrial setting, the same industrial setting offers adequate containment for the use of a GMO derived from this host organism.
The rules of GILSP can be applied to the use of a GMO if:
• the host organism is non-pathogenic and has a long history of safe use under industrial conditions • the GMO is derived from this host organism using a "safe" vector (if applicable) and a "safe" insert, and the resulting GMO has a reduced fitness in the environment compared to the host organism.
The concept of GILSP implies, inter alia, that living organisms of a culture grown under GILSP may be released in the environment inasmuch as that is usual also for the host organism.
Until now, there is still limited practice of algae production systems in Europe. In the Netherlands, local municipalities have granted environmental approval for growth facilities for non-modified algae, but have done so according to different regulations. For example, the algae production systems of AlgaePARC 2 needed to be contained, while for the production systems of Ingepro, no risk assessment was required.
Overview of potential risks of GM-algae for human health and the environment
The European Commission has developed guidance notes for risk assessment of the use of GMOs. Guidance Note 2000/608/EC (European Union, 2000) deals with risk assessment of contained use of genetically modified micro-organisms while Guidance Note 2002/623/EC (European Union, 2002) deals with the risk assessment of deliberate release into the environment of genetically modified organisms. This section discusses elements of the risk analysis methodology as developed in these guidance notes.
Safety of the algae, the insert, vector and the GM-algae
With respect to contained use, the risk assessment is aimed at identifying harmful properties of the algae due to the combined characteristics of the recipient organism, the insert, the vector and the resulting GM-algae with respect to human health and the environment.
There are only a few species of algae that are classified as pathogens in humans or animals. These algae belong to the Prototheca or Chaetoceros or are mentioned on the IOC-UNESCO list of harmful algae. However, quite a number of algal species, especially
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belonging to the dinoflagellates and the diatoms, produce toxins that impact humans, animals and birds. In addition, some cyanobacteria also produce toxins that are harmful to humans and animals. For example, some genera that are industrially relevant contain species that are known to produce toxins, e.g. Phormidium (some strains do not produce toxins), Anabaena circinalis, A. flos-aquae, while Synechococcus wickerhami and Prototheca cutis are human or animal pathogens.
In the examples of GM-algae mentioned above, the DNA inserted in the recipient algae has been characterised. Although it is unlikely that GM-algae intended for use in outdoor cultivation systems contain inserts that have not been characterised, a differentiation between donor organisms in terms of toxin producer, pathogens or non-toxin producer non-pathogen will influence the risk assessment when uncharacterised genes have been used to produce the GM-algae, as uncharacterised genes may be involved in toxin production or pathogenicity.
When looking at the targets of genetic modification of algae, the following groups of genes used as inserts, can be distinguished:
• genes involved in photosynthesis
• genes involved in carotenoid biosynthesis
• genes involved in lipid biosynthesis
• genes encoding (pharmaceutical) proteins
• regulatory genes such as transcription factors or other metabolic regulators.
In general, the genetic modification of algae aimed at modifying either photosynthesis, carotenoid biosynthesis or lipid biosynthesis is not expected to generate harmful strains with respect to human health. None of the genes used encode for toxins or are suspected to lead to toxin production through enhanced metabolic steps or metabolic pathways, especially when they are expressed in "safe" algae hosts.
However, introducing genes in the host may have phenotypic effects and for that reason it is argued that these effects should be analysed. When expressing pharmaceutical proteins (e.g. antibodies), the potential effects of these proteins on humans have to be addressed in the risk assessment.
In eukaryotic algae, the donor DNA is integrated in the genomic or chloroplast DNA. Only Chlamydomonas reinhardtii has a history of stable genetic modifications and subsequent cultivation of the GM-strains. Stability of other GM-algae (which is mainly an issue in the production using these algae) still has to be confirmed, especially under non-selective conditions since stability will most likely be gene and integration dependent. As cyanobacteria are bacteria, vector DNA can be integrated into the genome, but vectors, which can replicate in the cytoplasm, are also used. The methodology of risk assessment used for GMOs can be applied to cyanobacteria without major modifications.
Transfer of genetic material to other organisms
An important aspect to be addressed in the ERA is the transfer of inserted genetic material to other organisms. Therefore, horizontal gene transfer (HGT) -the transfer of genetic material from one organism to another which is a natural mechanism and has played an important role in evolution -is a point of concern.
In cyanobacteria, where ~50% of extended gene families putatively have a history of HGT (either between cyanobacteria and other phyla, or within cyanobacteria, or both), HGT has played an important role in evolution (Zhaxybayeva et al., 2006; Monier et al., 2009) . In these bacteria, HGT is a mechanism in real-time adaptation and for that reason it is part of the risk assessment of GM-bacteria.
In eukaryotic algae, HGT has been part of the evolutionary development; however, in these organisms, this is not a real-time event and poses no additional risk in GMOs.
3
Vertical gene transfer uses reproduction as a means of gene transfer through generations and may be a risk with GM-algae when the species used has a sexual reproduction cycle and wild-type partners are present in the environment.
The transfer of antibiotic resistance or herbicide resistance is an issue in the debate on the safety of GMOs. Several governments in the European Union have recommended the phasing out of GM-crops containing any antibiotic resistance markers (European Federation of Biotechnology, 2001) . Therefore, the use of GM-algae, without antibiotic resistance genes, for outdoor cultivation will almost certainly be more easily accepted by the public. However, as discussed above, in most of the genetic modification protocols for algae, antibiotic resistance is being used as the selection criterion. Some alternative selection systems have been used in algae (the nitrate reductase selection system, uracil selection), but more research on alternatives for antibiotic selection of algae GMOs is necessary. Genetic deletion of the antibiotic selection gene after generation of a stable transgenic line has also been achieved for some algae transgenic systems, so technology to avoid antibiotic genes in GM-algae is under development (Mayfield, personal communication). 
3.
HGT from GM-plants to prokaryotes has been studied and was shown to pose negligible risks (Keese, 2008) . Horizontal gene transfer from bacteria has also been studied in relation to mechanisms and barriers (Thomas and Nielsen, 2005) and to risk assessment of GMOs (Heuer and Smalla, 2007) .
